ABSTRACT An NADPH-cytochrome P450 reductase (CPR) gene was identiÞed in Aedes sollicitans Walker (Diptera: Culicidae). The open reading frame is 2,040 bp long, encoding a 679-residue polypeptide. Amino acid sequence analysis indicates that the Ae. sollicitans CPR carries conserved ligand-binding domains and belongs to the same phylogenetic group as CPRs in other mosquitoes. The cDNA of the CPR gene was cloned, and the recombinant protein was expressed in Escherichia coli. Cytochrome c reductase activity was detected in the bacterial cytosolic and membrane fractions and in larval microsomes from two New Jersey Ae. sollicitans populations, indicating that the Ae. sollicitans CPR is enzymatically functional and closely related to that in other dipterans.
P450 isozymes occur in multiple forms in insects, but only one CPR gene is normally found (Nelson 2011 , Feyereisen 2012 . Insect CPR genes are expressed in antennae of Drosophila melanogaster Meigen (Hovemann et al. 1997) , Mamestra brassicae L. (Maṏbè cheCoisne et al. 2005) , and Spodoptera littoralis (Boisduval) (Pottier et al. 2012) , and in oenocytes of Aedes aegypti L. (Martins et al. 2011) and Anopheles gambiae Giles (Lycett et al. 2006) .
The salt marsh mosquito Aedes sollicitans Walker (Diptera: Culicidae) can vector several medically important arboviruses (Crans et al. 1986; Turell et al. 1992 Turell et al. , 2001 , and the dog heartworm Dirofilaria immitis (Leidy) (Parker 1993) . Insecticide applications are important to control mosquito populations. However, resistance has been documented in Þeld populations of Ae. sollicitans (Brown 1986 , Mekuria et al. 1994 . The role of CPR in P450-mediated insecticide metabolism has been shown in some malaria vectors (Lycett et al. 2006 , Sarapusit et al. 2010 , but CPR has not been identiÞed and characterized in Ae. sollicitans.
The purposes of this study were to identify the CPR gene in Ae. sollicitans and characterize enzyme activities of the recombinant CPR expressed in E. coli as well as the native CPR in larval microsomes. We successfully identiÞed the CPR gene in Ae. sollicitans (GenBank: FJ487605). The gene was cloned and sequenced, and the recombinant protein was expressed in E. coli and studied.
Materials and Methods
Insect Rearing. Adult female mosquitoes were collected in Middlesex County, NJ. Collections were done between June and October. The mosquitoes were maintained in the laboratory according to methods described by Brattsten et al. (2011) . Mosquitoes hatched and reared from eggs laid by this population were used for gene cloning.
RNA Isolation and cDNA Synthesis. Fifty fourthinstar whole larvae were homogenized in 1.0 ml of TRIzol reagent (Invitrogen, Carlsbad, CA) using a motorized Brinkmann homogenizer (Polytron; Kinematica GmbH, Kriens-Luzern, Switzerland) according to the manufacturerÕs manual. The isolated total RNA was treated with DNase I (Ambion, Austin, TX) to eliminate genomic DNA contamination. One microgram of the RNA was reverse transcribed to obtain cDNAs using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). The cDNA samples were kept at Ϫ20ЊC until use.
Amplification of the CPR Gene Fragments by Polymerase Chain Reaction (PCR). Degenerate primers were designed using Primer Premier 5.0 (Premier Biosoft International, Palo Alto, CA) based on two conserved regions ßanking a segment of CPRs in Musca domestica L. (GenBank: AAA29295), An. gambiae (GenBank: AAO24765), D. melanogaster (GenBank: Q27597), M. brassicae (GenBank: AAR26515), and Bombyx mori L. (GenBank: BAA95684). The forward and reverse primers were 5Ј-GAAGGGHATGGTB GCBGAYCC-3Ј and 5Ј-GGGAAYGGRTGYTTYTT RCTGC-3Ј, respectively. PCR ampliÞcation was performed using Platinum Taq DNA polymerase (Invitrogen). The reaction was Þrst denatured at 94ЊC for 2 min followed by 40 cycles at 94ЊC for 30 s, 58ЊC for 30 s, 72ЊC for 1 min, and with a Þnal extension at 72ЊC for 10 min. PCR products were subjected to 1.2% agarose gel electrophoresis, and cDNA was recovered using a QIAquick Gel Extraction kit (Qiagen, Valencia, CA). The puriÞed product was cloned into pCR4-TOPO plasmid vector, and the DNA construct was then used to transform the One Shot TOP10 chemically competent E. coli (Invitrogen). Plasmids were puriÞed using a QIAprep Spin Miniprep kit (Qiagen). The puriÞed products were veriÞed by restriction digestion using EcoRI (New England Biolabs, Ipswich, MA). All primers used in this study were made by EuroÞns MWG Operon (Huntsville, AL), and sequencing of all products was done at Genewiz (Piscataway, NJ).
Rapid Amplification of cDNA Ends (RACE). The 5Ј and 3Ј RACEs were performed using a GeneRacer kit with SuperScript III RT Module (Invitrogen). Brießy, gene-speciÞc primers were designed based on the obtained CPR fragment and used to PCR-amplify the 5Ј and 3Ј RACE fragments. The GeneRacer 5Ј primer and a reverse primer (5Ј-AGGGCTCGC-CATTCA GAGGGTGCTT-3Ј) were used for the 5Ј RACE, and the GeneRacer 3Ј primer and a forward primer (5Ј-ACAGCCCCGCTACTACTCTATTTCCTC-3Ј) were used for the 3Ј RACE. The GeneRacer 5Ј and 3Ј nested primers were used for nested-PCR ampliÞcation. The RACE products were gel-puriÞed, cloned, and sequenced. Contig assembly and sequence analysis were carried out using Lasergene Suite v. 7.0 (DNASTAR, Madison, WI) . After the open reading frame was identiÞed, additional PCR ampliÞcations using High Fidelity Platinum Taq DNA polymerase (Invitrogen) were performed to verify the sequence of the coding region of the CPR gene.
Expression of Recombinant CPR in E. coli. The CPR gene-speciÞc primers ßanking the coding region were designed with added cloning sites for BamHI and XhoI in the forward and reverse primers, respectively (5Ј-CTGGGATCCATGGACGCACAAACGGAAC CGG-3Ј and 5Ј-CTGCTCGAGTTAGCTCCACACATC GGCCGAG-3Ј). The PCR reaction, using the high Þdel-ity Platinum Pfx DNA polymerase (Invitrogen), was denatured at 94ЊC for 2 min followed by 40 cycles at 94ЊC for 15 s, 55ЊC for 30 s, and 68ЊC for 2.5 min, and with a Þnal extension at 68ЊC for 10 min. After cloning the expected PCR product into the pGEM-T Easy Vector (Promega, Madison, WI), the DNA construct was restriction-digested with BamHI and XhoI (New England Biolabs), and gel-puriÞed. The PCR insert was then ligated using T 4 DNA ligase (Promega) into the restriction-digested pTrcHis-A plasmid vector (Invitrogen). The DNA construct was sequenced for veriÞcation. Expression of the recombinant CPR was performed in E. coli strain XL1-blue (Stratagene, LA Jolla, CA). A Þnal scale-up culture of 50 ml LB medium was treated with 1.0 mM isopropyl-␤-D-thiogalactopyranoside (Promega) to induce protein expression, and the culture was collected 4 h later. Ampicillin (50 g/ml Þnal concentration) was used as a selective agent in every culturing step. Culture samples were centrifuged at 10,000 ϫ g for 10 min at 4ЊC and the pellets were resuspended in a lysis buffer, 10 mM TrisHCl, 1 mM EDTA, 1 mM PMSF, pH 8.0. After sonication, the samples were centrifuged at 240,000 ϫ g for 20 min at 4ЊC. The supernatants (cytosol fraction) and the pellets, resuspended in 0.1 M Tris-HCl buffer pH 7.7 with 50% glycerol (membrane fraction), were collected and stored at Ϫ80ЊC until use.
Specific Activity of Cytochrome c Reduction. Protein concentrations of all samples were determined using the Pierce BCA Protein Assay kit (Thermo ScientiÞc, Rockford, IL). Microsomes of fourth-instar larvae were prepared as described previously (Suwanchaichinda and Brattsten 2001) with some modiÞca-tions. The sample of whole larvae was centrifuged at 10,000 ϫ g for 10 min, and the supernatant was recentrifuged at 240,000 ϫ g for 20 min at 4ЊC. Because of the plausible interference with the activity assay by potassium phosphate buffer (Murataliev et al. 1999) , the microsomal pellets were resuspended in a TrisHCl-based buffer. The expressed protein fractions and larval microsomes were assayed for NADPH-cytochrome c reductase activity according to Brattsten et al. (1980) . Statistical signiÞcance of the activity data were analyzed with the StudentÕs t-test, separately for larval microsomes and bacterial fractions.
Phylogenetic Analysis. BLASTP using the deduced amino acid sequence of Ae. sollicitans CPR was conducted to search for other insect CPRs available in the NCBI database. Related insect CPRs were compiled and used for phylogenetic analysis. The multiple sequence alignment of selected CPR amino acid sequences was done using CLUSTALW embedded in the MEGA 4.0 software (Tamura et al. 2007 ). The alignment was used to construct a neighbor-joining phylogenetic tree. One thousand replications were performed as a bootstrap test of phylogeny with a cut-off value of 50% for the bootstrap consensus tree.
Results
We PCR-ampliÞed a cDNA fragment of the Ae. sollicitans CPR gene using the degenerate primers described above. The fragment sequence was blasted in the NCBI database, and was found similar to known CPR genes in other organisms. The sequence of this fragment and the sequences obtained by the 5Ј and 3Ј RACEs allowed identiÞcation of a complete coding region of the Ae. sollicitans CPR (Fig. 1) . The open reading frame is 2,040 bp long, and encodes a polypeptide of 679 residues (GenBank: ACL01092). The calculated molecular mass of the polypeptide is 77.39 kDa with a pI of 5.55. A BLASTP search of the deduced amino acid sequence indicated that the Ae. sollicitans CPR was most similar to the Ae. aegypti CPR with 96% identity (Table 1) . Arthropod CPRs available through 
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JOURNAL OF MEDICAL ENTOMOLOGY Vol. 51, no. 5 the NCBI database were selected for phylogenetic analysis to further understand the relationships among insect CPRs. Using the neighbor-joining method, we found that CPRs in mosquitoes formed a phylogenetic clade separate from those in other known dipteran insects (Fig. 2) . The Ae. sollicitans and Ae. aegypti CPRs formed a monophyletic group with a 100% bootstrap value, suggesting that they are orthologous proteins. CPRs in lepidopteran insects formed their own clade, which bifurcated from the same node as the dipteran CPRs. The deer tick, Ixodes scapularis Say (Acarina), CPR did not form a cluster with CPRs in the included Insecta species owing to remote evolution. The presence of binding domains for FMN, FAD, and NADPH are characteristic of CPRs (Wang et al. 1997 ). Prediction by Pfam indicated that the Ae. sollicitans CPR possesses these conserved binding domains (Fig. 1) . The FMN-, FAD-, and NADPH-binding domains are located in order from the amino terminus to the carboxyl terminus. A predicted transmembrane hydrophobic region was identiÞed at the amino terminus of the Ae. sollicitans CPR (Fig. 1) , indicating that the protein is membrane bound. This is consistent with the P450s and CPRs existing as integral proteins in the endoplasmic reticulum membrane.
The larval microsomes catalyzed cytochrome c reduction ( Table 2 ), conÞrming that the CPR gene in Ae. sollicitans is expressed and active. Besides the mosquitoes from Middlesex County, which were used as the source for gene cloning, larval microsomes of mosquitoes from Ocean County, NJ, were also examined Fig. 2. The evolutionary relationship of CPRs in Ae. sollicitans and other arthropods. The phylogenetic analysis was conducted using the neighbor-joining method. The consensus tree was inferred from 1,000 replicates of the bootstrap test. The scale indicates 0.05 amino acid change per site.
for comparison. The microsomes of mosquitoes from both counties had similar reductase activities. The Ae. sollicitans CPR transcript was cloned into an expression vector, and the recombinant protein was expressed in E. coli to conduct further testing. Reductase activity was detected in both cytosol and membrane fractions of the transformed bacteria (Table 2) . Activity in the cytosol fraction was 6.7-fold greater than that in the membrane fraction (P Ͻ 0.05). Activities in both recombinant and microsomal proteins conÞrm that CPR in Ae. sollicitans is capable of conducting electron transfer and serving as a key component in redox reactions.
Discussion
A single CPR gene was identiÞed in Ae. sollicitans encoding a polypeptide with the same length and number of residues as CPRs in other mosquitoes. The Ae. sollicitans CPR is likely orthologous to the Ae. aegypti CPR based on the high level of amino acid identity and the formation of a monophyletic group. The deduced amino acid sequence of the Ae. sollicitans CPR has conserved ligand-binding domains for FMN, FAD, and NADPH, important features of CPR enzymes (Wang et al. 1997) . Conserved catalytic residues involved in hydride transfer are also present in the Ae. sollicitans CPR (data not shown).
Cytochrome c reductase activities were measured in larval microsomes to test that the CPR gene is expressed and active in Ae. sollicitans. The reductase activities were not signiÞcantly different in larvae from Middlesex County or Ocean County, which does not rule out possible variations in CPR gene expression and activity levels in other Ae. sollicitans populations. Mosquito control along the New Jersey coast uses diverse applications of mosquitocides that can have different results as selective agents. Overexpression of the CPR gene has been documented in mosquitoes resistant to dichlorodiphenyltrichloroethane (David et al. 2005) . Monitoring the CPR gene expression and enzyme activity in Ae. sollicitans among different populations may provide alternative methods of insecticide resistance surveillance and control.
The Ae. sollicitans CPR was heterologously expressed in E. coli. Both cytosolic and membrane fractions exhibited the cytochrome c reductase activity. The cytosolic activity was 6.7-fold greater than that in the membrane fraction. A similar pattern occurs for recombinant CPRs in D. melanogaster (Helvig et al. 2004) and Anopheles minimus Theobald (Kaewpa et al. 2007 ), which were expressed in E. coli, with activity in the cytosol fractions being 5Ð10-fold and 2-fold, respectively, higher than that in the membrane fractions. The higher activity level catalyzed by the Ae. sollicitans CPR, relative to the An. minimus CPR, might be owing to differences in the expression conditions or molecular structures of the proteins. An. minimus CPR carries Leu residues at the 86 and 219 positions (Sarapusit et al. 2008) . Replacing Leu with Phe by sitedirected mutagenesis enhances enzyme stability as well as FMN-binding and reduction activity (Sarapusit et al. 2008 (Sarapusit et al. , 2010 . The Ae. sollicitans CPR carries Phe residues at these positions, and thus these residues may be responsible for the more efÞcient catalytic activity in the Ae. sollicitans CPR compared with the An. minimus CPR.
The Ae. sollicitans CPR is active and capable of conducting electron transfer to the electron acceptors. Reconstitution of the reductase-P450 system and coexpression of CPR and P450 genes in E. coli have been successfully used in both human and insect systems (Andersen et al. 1994 , Blake et al. 1996 , Sarapusit et al. 2013 . Techniques like these as well as gene silencing provide opportunities to further investigate the P450-mediated metabolism of insecticides in Ae. sollicitans. Microsomes made from whole larvae and fractions of transformed E. coli containing the expressed recombinant DNA construct were examined for reductase activities using cytochrome c and NADPH. The activity was measured spectrophotometrically (mean Ϯ SE; N ϭ 3).
a Not signiÞcantly different between larval microsomal samples (P Ͼ 0.05).
b SigniÞcantly different between bacterial fractions (P Ͻ 0.05).
